We present an implementation of ultrasound-modulated optical tomography that has the potential to provide high resolution images of tissue structures at a penetration depth of several millimeters. Light and pulsed ultrasound are focused on an approximately 100 µm wide area below the sample surface. With this configuration, the length of the ultrasonic pulses determines the axial resolution, and the lateral resolution results from the width of the ultrasonic beam at the focus. Diffuse light reflected from the sample is collected into a fiber and the modulated component is separated from the background by a confocal Fabry-Perot interferometer. Using this setup, high contrast images are obtained of 100 µm wide pieces of hair that are buried one millimeter below the surface of the tissue-mimicking sample. It is the first time, to the authors' knowledge, that images with such high resolution have been obtained using ultrasound-modulated optical tomography in the reflection mode.
INTRODUCTION
The optical properties of tissues in the visible and near infrared parts of the spectrum are related to the molecular structures of the tissues. Therefore, they offer great potential for the detection of tissue functions and abnormalities. In addition, radiation at these wavelengths is nonionizing and more appropriate for medical applications. Great effort has been made by many groups of researchers in the recent past to develop new imaging modalities based on the optical properties of biological tissues in the visible and near infrared regions.
The resolution in the pure optical imaging of thick tissue samples is limited due to the high levels of scattering and absorption of light. Acousto-optical tomography 1 (AOT) is a new hybrid technique, proposed to provide better resolution in the optical imaging of thick biological samples. This technique combines ultrasonic resolution and optical contrast that is based on the differences in optical properties among different types of tissues. In general, the collective motion of the scatterers and the periodical changes in the index of refraction that are generated by focused ultrasound produce fluctuations in the intensity of the speckles formed by the multiply scattered light.
2-7 As a result, the alternating current of a photo detector at the frequency of ultrasound carries information about the optical properties of tissue from the region of the intersection of the optical and acoustical waves. In AOT, the maximum resolution and the maximum imaging depth are scalable with an ultrasound frequency.
In practice, the detection of AOT signals is nontrivial. Light emerging from a tissue sample creates a strong speckle pattern with very little correlation between the phases of the individual speckles. At the same time, due to light diffusion, the mismatch between the emission and detection etendue is very large in practical applications. Several different schemes of detection 3, 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] for AOT have been proposed in the last few years. One especially promising detection technique is a parallel speckle detection scheme using a CCD camera, 10-12, 16, 17, 21-23, 25 since detection over many CCD pixels provides a larger etendue and a higher signal-to-noise ratio than the simple heterodyning method which uses only one square-low detector.
For many reasons, an optical imaging technique that is capable of providing resolution better than 100 µm with an imaging depth of several millimeters is highly desirable. In this work, for the first time to our knowledge, we explore the possibility of using AOT for high-resolution tissue imaging. Additionally, we propose another scheme for the detection of AOT signals using a large confocal Fabry-Perot interferometer (CFPI) as the filter. This detection technique has already been successfully implemented in laser ultrasonics where very similar detection problems are encountered.
26 A large CFPI has high resolution, the capability to process many speckles, and a large etendue. Moreover, the small time constant of the cavity allows for the real time tracking of ultrasound pulses using the acousto-optical effect, which is not possible with current CCD cameras.
Our preliminary results show that images of 100 µm wide pieces of dark hair placed one millimeter below the surface of tissue-mimicking samples are obtainable with very high contrast.
EXPERIMENTAL SETUP
Our experimental setup, shown in Fig. 1 , was organized as follows: the ultrasound beam and the light beam were focused at the same spot below the sample surface, with a 90 0 angle between the ultrasound propagation direction and the light beam axis. The plane that was defined by the ultrasound axis and the light axis was perpendicular to the sample surface. A 25 MHz focusing transducer (UT) was used to generate the ultrasound signal (Panametrics V324, lens diameter D = 6.25 mm, focal length F = 12.5 mm). The diameter of the ultrasonic beam at the focal point was around 150 µm. In the optical part of the setup, the light from the diode pumped Nd:YAG laser (L) with a very long coherence length (Adlas DPY 325, 532 nm -wavelength, coherence length > 50 m) was first coupled into a multimode fiber, and then focused onto an approximately 100 µm wide spot below the sample surface. The average power delivered to the sample was 15 mW . Sample (S) was mounted on a three axis (X, Y , and Z) manual translational stage. To better couple the ultrasound beam with the sample, the sample was immersed in water. We also immersed the light focusing optics (FO) and the light collecting optics (C) in the same water tank.
Diffusely reflected light from the sample was collected by the light collecting optics and coupled into the multimode fiber (400 µm core diameter). The light was further coupled into a scanning confocal Fabry-Perot interferometer that was operated in transmission mode (Lisor RT, Ultraoptec, cavity length 50 cm, free spectral range 150 MHz, finesse > 20, etendue 0.1 mm 2 sr). The signal sampled by the beam splitter (BS) provided information for controlling the position of the one CFPI mirror. Our software, which was written in LabVIEW, controlled the precise movement of the interferometer mirror so that the length of the cavity was always tuned to the frequency of the ultrasound-modulated light (25 MHz away from the laser light frequency). The same software also managed the data processing and all of the other sequences of the instrument control signals. A photomultiplier tube (Hamamatsu R928) positioned behind the CFPI acquired the light filtered by the interferometer, and the signal was recorded with a fast data acquisition board (GAGE, CompuScope 14100).
The signal was acquired in the following way: the trigger generator (TG) triggered the ultrasound pulse generation and, with an appropriate delay, the acquisition of the signal from the PMT tube. One sinus wave at a frequency of 25 MHz was produced by a function generator (FG) and amplified by a RF amplifier (RFA) to 150 V pp. Due to the limited bandwidth of the transducer, the ultrasound pulse contained several cycles with a total length around 150 µm. Since the resonant frequency of the FP cavity coincided with the frequency of the ultrasound modulated light, the signal acquired by the PMT tube during the time of the ultrasound propagation through the sample represented the ultrasound modulated intensity variations along the ultrasound pulse propagation. Our long memory fast data acquisition board allowed us to store the data from 1000 ultrasound pulses before requiring transfer to computer memory.
RESULTS AND DISCUSSION
In the first experiment (Fig. 2) , we prepared the sample using chicken breast tissue. A 100 µm wide dark hair was placed 1 mm below the surface of the sample, and then the common focal spot of the ultrasound and the light beams was positioned at the same depth (1 mm) below the sample surface. In the first measurement, the sample was positioned so that the piece of hair was away from the ultrasonic axis. The measurement (dashed line on Fig. 2) shows that the light radiance within the sample and the profile of the ultrasound beam intensity determined the shape of the modulated intensity signal, with the maximum corresponding to the position of the light and the ultrasound focus. In the second measurement, the sample was positioned so that the piece of hair was exactly at the ultrasound focus. From the measurement data (solid line on Fig. 2) , we see that differences in the optical properties of the hair and the surrounding chicken breast tissue created a large decay in the modulated light intensity during the time interval when the ultrasound pulse passed through the hair. Full recovery of the modulated light intensity after the ultrasound pulse exited the hair presented evidence that contrast in the measurement was based primarily on the optical properties of the sample and the object, and not on the influence of the sample on the ultrasound pulse.
In the second experiment, a gelatine sample was prepared using intralipid solution to mimic the tissue scattering properties. Several dark pieces of hair of the same 100 µm diameter were placed 1 mm below the sample surface. The system of hair samples consists of one long hair piece placed along the Z direction, and in continuation with it, several 150 µm pieces separated a few hundred micrometers apart. The long hair piece was chosen in order to speed up the time necessary to locate the position of the short hair pieces. Once the common focal spot of the ultrasound and light was positioned at the center of the long hair piece, the sample was scanned along the Z direction. For each Z position, the signal along the ultrasound pulse propagation direction was obtained in the same way as in the measurement presented in Fig. 2 . After collecting data for many positions along the Z axis, the two dimensional ultrasound modulated intensity map presented in Fig. 3 was created. Fig. 3a presents the signal directly obtained from the PMT tube. The pieces of hair appear in Fig. 3a as decay in the modulated intensity, similar to the signal behavior in Fig. 2. Fig. 3b presents the same data, with the difference that all of the values are subtracted from the signal profile at the position where the ultrasound axis was away from any hair piece. The positions of the pieces of hair are marked on the image. The gaps between them are clearly visible with very high contrast.
CONCLUSION
Using a large confocal Fabry-Perot interferometer to isolate ultrasonically modulated light from background un-modulated light at high ultrasound frequencies allowed us to significantly improve the SNR in acoustically resolved laser imaging. At the same time, the fast time response of the instrument allowed for tracking of the ultrasonic pulses in real time and provided an opportunity to obtain resolution along the ultrasound axis directly without implementing a frequency sweep technique or computer tomography reconstruction. We presented a 1D image of a 100 µm wide piece of dark hair placed 1 mm below the surface of the chicken breast tissue sample, and a 2D image of similar hair placed 1 mm below the surface of the tissue mimicking sample. The pieces of hair in both cases were clearly visible with very high contrast. Our preliminary results show that high-resolution imaging is one promising direction for AOT. Further investigation is necessary to explore the maximum capabilities of and the application directions for this technique.
